Reactive oxygen species (ROS), a by-product of aerobic metabolism were initially studied in context to their damaging effect but recent decades witnessed significant advancements in understanding the role of ROS as signaling molecules. Contrary to earlier views, it is becoming evident that ROS production is not necessarily a symptom of cellular dysfunction but it might represent a necessary signal in adjusting the cellular machinery according to the altered conditions. Stomatal movement is controlled by multifaceted signaling network in response to endogenous and environmental signals. Furthermore, the stomatal aperture is regulated by a coordinated action of signaling proteins, ROS-generating enzymes, and downstream executors like transporters, ion pumps, plasma membrane channels, which control the turgor pressure of the guard cell. The earliest hallmarks of stomatal closure are ROS accumulation in the apoplast and chloroplasts and thereafter, there is a successive increase in cytoplasmic Ca 2+ level which rules the multiple kinases activity that in turn regulates the activity of ROS-generating enzymes and various ion channels. In addition, ROS also regulate the action of multiple proteins directly by oxidative post translational modifications to adjust guard cell signaling. Notwithstanding, an active progress has been made with ROS signaling mechanism but the regulatory action for ROS signaling processes in stomatal movement is still fragmentary. Therefore, keeping in view the above facts, in this mini review the basic concepts and role of ROS signaling in the stomatal movement have been presented comprehensively along with recent highlights.
Introduction
About 2.7 billion years ago, life originated on the earth under a reducing environment. In due course of evolution, with the introduction of oxygen-evolving photosynthetic organisms, molecular oxygen (O 2 ) evolved in the atmosphere that transformed the reducing atmosphere into oxidized one. Since that time, reactive oxygen species (ROS) became an inevitable companion of aerobic life [1] . ROS such as superoxide radical (O 2 • ⁻), hydroxyl radical (
• OH), and hydrogen peroxide (H 2 O 2 ) are either produced by redox (oxidation-reduction) reactions or they are the active derivative of O 2 . These ROS are permanently generated in chloroplasts, mitochondria, peroxisomes, cytosol, and apoplast and are highly reactive and toxic that can oxidatively damage lipids, proteins, and nucleic acids [2] [3] [4] [5] [6] [7] (Table 1) . However, recent studies instead of discussing their toxic nature, have concentrated towards their signaling role in several key physiological processes of plants [7] [8] [9] [10] . Their participation in signaling pathway can only be achieved when there is a tight balance between ROS production and their scavenging [10, 11] . The involvement of ROS in developmental processes as a signaling molecule suggests that during the course of evolution, plants might have evolved the capacity to achieve a high degree of tolerance over ROS toxicity [12, 13] .
Stomata are present on underside part of leaf and surrounded by a pair of guard cells. The movement (opening and closing) of the stomatal aperture is controlled by turgor pressure generated in the guard cells. Apart from this, the stomatal movement is also regulated by soil and air water content, light intensity and quality, air pollutants, and CO 2 like environmental factors [14, 15] . Furthermore, guard cells have anion channels that are located in the plasma membrane and are activated by several stimuli such as Abscisic acid (ABA) [16] , NADPH metabolism [17] , and anion fluxes across the plasma membrane via voltage-gated K + transport channels [15] . ROS are key signals involved 2. ROS and stomatal opening/closing: a cascade of signaling network Stomata are broadly known for mediating photosynthetic CO 2 exchange and for the efficient use of water for generating the transpirational pull for the ascent of sap [18] (Fig. 1) . Stomatal pore size is regulated by guard cells through a combination of environmental and endogenous signals that affect stomatal movement [19, 20] . Stomatal movement mediated by ROS have created tremendous interest in their signaling mechanisms as well as network. Each network has unique and distinct receptors and early signaling elements but they also have common components, for instances, plasma membrane anion channels and K + channels through which solute fluxes drive water influx/efflux during actual stomatal movement. ROS are reported as vital participants in guard cell signaling; in particular, H 2 O 2 plays a key role in ABA -induced stomatal closure [21, 22] (Fig. 1) . Water stress is a common symptom of plants growing in dry soil, as water lost from leaves surpasses the amount taken up by the roots and leads to cellular dehydration, damage, and finally death. Cellular dehydration also occurs, when plants are exposed to other abiotic stresses that limit water supply, such as anaerobic conditions resulting from root flooding or cold and salt stress. Under water stress condition, plants close their stomata as a defence response in order to minimize the loss of water, and the stomatal movement during this stress is regulated by redistribution and synthesis of ABA. ABA alters the gene expression which controls other ameliorative responses such as the maintenance of root water uptake, synthesis of osmoprotective proteins, and various metabolic changes [23] [24] [25] . Oxidative stress is a common characteristic of various abiotic stresses which disturbs the redox balance of cell thereby increasing the ROS production that are controlled either by antioxidant enzymes or by reaction with antioxidant molecules.
The phytohormone ABA is synthesized in shoots, roots, and particularly in seeds, veins, and guard cells [26] and plays an important role in various physiological processes, such as development and the regulation of stomatal function in response to abiotic stresses. In case of high salinity and water stress, ABA starts to accumulate in the plant cell and its accumulation directs the changes in gene expression and stomatal closure, with subsequent decrease in transpiration and water loss [27] . Gaseous exchange decreases as an outcome of stomatal closure thereby resulting into decrease in photosynthetic activity [18, 26] . Under stress conditions, ABA concentration increases due to release from its conjugated forms or enhanced biosynthesis and decreased degradation. These steps taking place within the affected cell or in neighbouring cells results in uptake of ABA by non-stressed cells; ABA in cells is sensed by the ABA receptors. The regulatory network of ABA involves three major components of ABA receptor; the PYRABACTIN (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR; i.e., PYR/PYL/RCAR [28, 29] , a type-2C protein phosphatase (PP2C; a negative regulator), and a SNF1-related protein kinase 2 (SnRK2; a positive regulator). These component shows a double negative regulatory system (PYR/PYL/ RCAR-|PP2Cs; PP2Cs -|SnRK2) [30, 31] . In guard cells, ABA is sensed by PYL/PYR/RCAR (PYLs), which binds to ABA. PYLs change their conformation and then interact and inhibit PP2Cs. PP2Cs interact with Sucrose-Non-Fermenting Kinase 1 (SNF1)-related SnRK2s protein kinase open stomata 1 (OST1), leading in dephosphorylation of Ser/Thr residues present at the activation loop of the SnRK2s, resulting in its inactivation [32] . Therefore, it is concluded that ABA interacts with PYLs complex, inactivates the inhibitory function of PP2Cs, and activate SnRK2 protein [ 82, 83] -Oxidative deamination of polyamines (i.e., spermine, putrescine, and spermidine) is mainly catalyzed by amine oxidases by using FAD as a cofactor.
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Redox Biology 11 (2017) [213] [214] [215] [216] [217] [218] kinase OST1 [30, 31] . Activated OST1 directly binds with and phosphorylates SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1), the anion channel that mediates the release of anions from guard cells, promoting stomatal closure [33, 34] . OST1 also interacts and phosphorylates with plasma membrane-bound N terminus of respiratory burst oxidase homolog D (RBOHD) and F (RBOHF) protein and in the guard cells of ost1 knockout mutant, the ABA-induced ROS generation is eliminated thereby suggesting that OST1 catalyzes ROS production (H 2 O 2 ) mediated by NADPH oxidase [33, 34] . Recently, Shi et al. [35] reported that OST1 compromised the CO 2 -induced H 2 O 2 and NO accumulation, upregulation of SLAC1 expression, and reduced stomatal aperture. Kwak et al. [36] have reported that H 2 O 2 application in guard cells activates ABA-mediated activation of the hyperpolarization-regulated Ca 2+ -permeable (ICa) channels and produces concurrent cytosolic Ca 2+ increase, and this activation was found to be damaged in the ABAinsensitive gca2 mutant. The plasma membrane-bound anion channels that are activated by elevated cytosolic Ca 2+ concentrations cause a membrane depolarization resulting to the hang-over of inward K + KAT1 channels [37] . Upon Ca 2+ binding, CALCINEURIN-B LIKE PROTEINS (CBLs) interact and regulate the CBLINTERACTING PROTEIN KINASES (CIPKs) activity [38] . CBL1/CBL9-CIPK26 complex interact and phosphorylates RBOHF, which is located at the plasma membrane thereby suggesting that CIPK26-mediated RBOHF regulation occurs at the plasma membrane and not by the CBL-CIPK dependent translocation regulatory mechanism [38, 39] . Further, the Ca 2+ -CBL-activated kinase i.e. CIPK26 mediated phosphorylation of RBOHF resulted in enhanced ROS production [39] (Fig. 1) . Several works have suggested that apoplastic ROS accumulation actively participates in the initiation of stomatal closure [40, 41] . According to Okuma et al. [42] reduced glutathione (GSH) concentrations decreases by increasing ABA levels in guard cells and in GSHknockout mutants enhanced ABA-induced stomatal closure was observed. In cad2-1 mutant of A. thaliana lacking gamma-glutamylcysteine synthase (catalyzes the first step in GSH biosynthesis), an increase in H 2 O 2 level by the hyperpolarized-activated Ca 2+ channel in plasma membrane of the guard cell was observed along with an increase in H 2 O 2 -induced stomatal closure [43] . As the cytosolic GSH in the guard cell was induced by ABA and not by H 2 O 2 , it had been suggested that apoplastic ROS signal might alter the responsiveness of the guard cells to ABA by stimuli other than ABA itself [42, 43] , but this view has not been experimentally evidenced so far. ROS are suggested to elevate the free ABA levels either by enhancing ABA biosynthesis or by inhibiting ABA degradation [18, 26, 44] . Therefore, increased ROS levels might result into increased ABA accumulation while increased ABA might results into increased ROS generation thereby forming a positive feedback loop in mediating stomatal closure. It is commonly known that ROS (such as O 2 •− and H 2 O 2 ) and NO are produced in response to similar stimuli and with similar kinetics. In the leaves of Phaseolus aureus, exogenous H 2 O 2 triggered NO generation in the guard cells [45] . These findings were supported by Neill et al. [46] who reported that nitric oxide synthase (NOS) as well as nitrate reductase (NR) both are necessary for ABA-induced NO generation in the guard cell of Arabidopsis. NO induces MAPK activity, cGMP, and Ca 2+ production that are vital for ABA-induced stomatal closure under stress conditions [46] . ABA and H 2 O 2 can directly participate in stomatal closure via NO-independent signaling. NO proteins; CBL Interacting Protein Kinases (CIPKs), transcriptional factors; HSFs, heat shock transcription factors; Zats, zinc finger proteins; WRKYs, WRKY transcription factors; NPR1, nonexpressor of pathogenesis-related genes 1 (modified after Song et al. [18] ).
increases the activity of antioxidant protective enzymes and proteins via MAPK or by other signaling pathways. For instance, in order to struggle with increased ROS, superoxide dismutase (SOD) activity might increase along with the ascorbate peroxidase (APX) and catalase (CAT), and dehydrins like proteins can be produced in order to improve the effects of cell dehydration [46] (Fig. 2) [47] and Nakashima and Yamaguchi-Shinozaki [48] , the expression of ABA-responsive genes requires more than one ABRE or a combination of an ABRE and a coupling element (CE) for a functional promoter. The ABRE mainly mediates downstream gene expression in the ABA-signaling pathway. According to Narusaka et al. [49] , the dehydration responsive element/ C-repeat (DRE/CRT) motif in the promoters of drought-responsive genes, is a binding region for an ABA-independent dehydration responsive element binding (DREB) transcription factor and functions as a CE for ABRE in ABA-dependent gene expression [49] . According to Lee et al. [50] , DREB proteins interact physically with AREB/ABF proteins for the expression of stress responsive gene (Fig. 2) .
Unlike ABA, salicylic acid (SA) mediates ROS production in guard cells via peroxidase-catalyzed reaction not via NADPH oxidases [51] . Indeed, in the SA-accumulating mutant siz1, the reduced stomatal apertures were inhibited by the application of peroxidase inhibitors such as azide and salicylhydroxamic acid (SHAM; inhibitor of SAdependent ROS production) but not by the NADPH oxidase inhibitor i.e. diphenyliodonium chloride (DPI) (inhibitor of ABA-dependent ROS production) [52] . Pre-treatment with CAT and SOD, inhibited the SAinduced stomatal closure thereby suggesting that extracellular ROS are involve in stomatal movement [41] . Furthermore, SHAM (a peroxidase inhibitor) completely eliminates SA-induced stomatal closure while neither atrbohD and atrbohF mutation nor DPI (an inhibitor of NADPH oxidase) impairs SA-induced stomatal closure [41] . ROS accumulation in guard cell was considerably increased by SA, but those ROS were holdback by exogenous SHAM, SOD, and CAT. According to Khokon et al. [41] , SA was failed to stimulate Ca channels [41] . In contrary to this, Kalachova et al. [53] , reported that SA-induced stomatal closure is impaired by DPI [an NADPH oxidases (NOX) inhibitor that inhibits ROS production] treatment and NOX deficient plants showed inhibited stomatal reaction even after exposure to exogenous SA [53] . Thus, it can be concluded that NOX plays a critical role in stomatal closure in response to SA also. ROS are also generated by G protein-coupled receptor (GPCR), Arabidopsis α-subunit of the trimeric G protein (GPA1), and salicylic acid signaling network complexes i.e. phospholipase C (PLC) and phosphatidic acid (PA) either directly or by activating NOX, which leads to increased cytosolic Ca 2+ (cyt) . Further, based on the observation, a fundamental link between ABA and SA signaling has been suggested, as in ABAdeficient aba2-1 mutant no longer stomata were closed in response to exogenously applied SA; while SA-deficient nahG and sid2 mutant responded normally to ABA in guard cells [54, 55] . These findings, therefore, imply that SA signaling acts in upstreaming of ABA signaling and signifies that interaction between SA and ROS can differ under different concentrations and conditions.
Another phytohormone methyl jasmonate (MeJA) has also been known to elicit the ROS generation in guard cells [56] . MeJA-induced stomatal closure was suppressed by exogenous application of DPI. In the same study, the NADPH oxidase double mutant atrbohD/F, MeJA could not induced stomatal closing. These observations suggest that major sources of ROS in MeJA induced signaling in guard cell is NADPH oxidases AtrbohD/F [57] . In the rcn1 mutant (mutation in gene encoding a regulatory subunit of protein phosphatase type 2A (PP2A)) of A. thaliana, MeJA failed to elicit the ROS and NO generation [58] . These findings suggest that in MeJA induced signaling of guard cell, RCN1-regulates PP2As function by upstreaming of ROS and NO generation.
When addressing oxidative stress signaling, the role played by transcription factors cannot be neglected. Any stimulus which in- [65] HSFs play the role of molecular peroxide sensor and cause the conformational changes and multimer formation thereby altering the H 2 O 2 concentrations during stress which concomitantly leads to transcriptional activation of their target genes. The member of other transcription factor families i.e. GRAS, Myb, RAV, WRKY, and Zat are also activated by ROS [66] . During abiotic stresses and in response to wound-induced signaling, the expression of a zinc finger protein Zat12 (Zat12 is a vital part of the oxidative stress response signal transduction network of Arabidopsis) is activated at the transcriptional level as determined by fusion between the reporter gene luciferase and the Zat12 promoter [67] . The nonexpressor of pathogenesis-related genes 1(NPR1) transcription factor, is responsible for the modulation in the alterations of gene expression during systemic acquired resistance in plants. NPR1 exists as an oligomer in non-activation state, which is maintained by intermolecular disulphide bonds; while on activation, NPR1 get reduced to a monomeric form which after that accumulates in the nucleus and alters the gene expression [68] .
Conclusion and future directives
Undoubtedly, in recent years an extraordinary development regarding the role of ROS in stomatal movement has been made. In this mini review, we have discussed the mechanistic action of ROS signaling for regulating stomatal movement. We have also speculated the possible signaling pathways with special emphasis on involvement of hormones, several transcription factors, and messengers. This review is a comprehensive work in which mechanistic model of cell system is also provided. However, many more facts remain to be unravelled, which will provide the answer to the questions like: How ROS or redox homeostasis is sensed by guard cells? What is the link between ROSmodulated gene networks and other stomatal signaling networks? Does any redox sensor based on thiols, exist in guard cells? If so, do they interact with guard cell signaling networks? Answering these questions will explicate the fragmentary picture of stomatal signaling and signaling networks which will fill the loopholes of the studied mechanisms till date.
